Three-phase Induction Motor (IM) 
Introduction
3-phase Inductiom Motor (IM), because of its simplicity of construction, low cost, and robustness, is a good candidate for industrial applications [1] . The IM can be affected by many different types of faults. These faults include the following: 1) stator faults (open or short circuit faults); 2) rotor electrical faults (open or short circuit faults for wound rotor IM and broken bar(s) or cracked end-ring for squirrel-cage IM); 3) rotor mechanical faults (bearing damage, eccentricity, bent shaft, and misalignment) [2] [3] [4] [5] [6] [7] . In some critical applications, a backup approach must be implemented to guarantee that the fault is handled in such a way that there will be no damage. Fault-tolerant control is part of this backup approach. It aims at insuring a degraded operation mode in the presence of faults.
The basic vector control schems such as Field-Oriented Control (FOC) or Direct Torque Control (DTC) which are employed to control 3-phase IM under balanced condition cannot be used directly for vector control of 3-phase IM under unbalanced condition (fault condition). If a basic vector control method is used to control unbalanced IM, high oscillations in the machine torque and speed can be observed. In these conditions, it is necessary a new control algorithm is applied [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The main contribution of this research is to introduce a novel and simple vector control technique based on DTC for 3-phase IM which can be also used for 3-phase IM under fault condition (open-phase fault). Differently from the previous techniques to control IM under openphase fault (e.g., [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ), the rotational transformation matrices are not need to control faulty machine. (the previous methods to control IM in [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] are based on FOC). This research is organized as follows: In section 2, d-q model of faulty 3-phase IM is presented. After that, vector control equations for faulty 3-phase IM based on DTC are presented in section 3. The MATLAB simulation results and copmarisions are shown in section 4 and section 5 concludes the paper.
Faulty Machine Model
The 
DTC of faulty 3-phase IM
In this section, DTC strategy is adapted to a faulty 3-phase IM (in this paper SVPWM DTC is used). Due to the fact that the unequal parameters in the model of faulty 3-phase IM there is an oscillating term in the electromagnetic torque of machine. It is possible to remove the oscillating term of electromagnetic torque by using The transformation element. This transformation element is: Equations (6) and (7) can be written as: Since, the stator flux vector is aligned with d-axis then Equation (8)- (10) 
Based on (12) and (13) Figure 2 can be proposed for vector control of both healthy and faulty 3-phase IM. To switch between the two conditions (balanced and unbalanced conditions), four switches are used whereby the switches will change positions from balanced condition to unbalanced condition after fault detection. The parameters in the proposed scheme that require to be changed from balanced condition to unbalanced condition are given in Table 1 . 
Simulation Results and Comparisions
Some MATLAB simulations were done to evaluate the propsed vector control strategy performance. The 3-phase IM is fed by an ideal 3-leg voltage source inverter. The reference speed is given by: (100, 100, 300, 300)rpm at (0, 0.5, 0.5, 1)s, respectively. The simulated 3-phase machine parameters are given as follows:\ The simulation results for the first test, which consists in using the basic DTC approach is shown in Figure 3 (left) . In the second test, the proposed DTC approach based on Figure 2 is used for healthy and faulty 3-phase IM. In both tests, the 3-phase machine started in the healthy condition and then at t=0.3s a phase cut-off fault is occured. In Figure 3(a) , the torque waveform is presented. Moreover, Figure 3(b) shows the reference and actual value of the motor speed. As can be seen from Figure 3 , in the healthy condition, both conventional and proposed vector control scheme show good performance and fast response without any transient and steadystate error. Compared to the basic DTC algorithm, the IM speed and torque of the proposed scheme contains very low speed osillations. Based on Figure 3 (a), using proposed DTC scheme, the electromagnetic torque waveforms contain low osillations even after fault condition. It is shown that the proposed DTC scheme for healthy and faulty 3-phase IM vector control has adequate vector control characteristics. 
Conclusion
In this paper, two control strategies for vectrol control of healthy and faulty 3-phase IM drive based on DTC has been discussed and simulated (the fault condition in this paper is limited to open-circuit fault). In the first scheme, basic DTC algorithem is used for both healthy and faulty 3-phase IM. The simulation results of the basic DTC shown that, the conventional DTC algorithem is unable to control the faulty 3-phase IM properly. 
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The second vector control scheme (proposed method) is derived from the conventional DTC scheme by some modifications on it. The proposed method partially compensated the ripples that occur on the speed and torque responces of conventional DTC algorithem. Analyzing the simulation results, it is possible to implement high performance vactor control of AC 3-phase IM drives with a faulty 3-phase IM.
Although this method has a simple implementation but it has some drawbacks such as torque distortions, low-speed operation problems.
